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INTRODUCTION 

Notch s e n s i t i v i t y  of heat  r e s i s t a n t  shee t  mater ia l s  i s  being studied a t  

The Universi ty  of Michigan, Ann Arbor, Michigan. 

by The National Aeronautics and Space Administration, Washington, D.c. 

The research  i s  sponsored 

Severe time-dependent edge-notch s e n s i t i v i t y  (Figure 1) of Waspaloy a d  

Inconel 7l8 has been sham t o  occur when notched specimens were loaded below 

the appraximate 0.2 percent smooth specimen o f f se t  y i e l d  s t rength  and when 

tes t  da t a  from smooth specimens indicated t h a t  small amounts of creep s t r a i n  

consumed l a rge  f r a c t i o n s  of creep-rupture l i f e  [1,2]. The s u s c e p t i b i l i t y  t o  

notch s e n s i t i v i t y  has a l s o  been cor re la ted  with d i s loca t ion  motion mechanisms 

[2,3]. 

d i s loca t ions .  

notch s e n s i t i v e  behavior. 

and the  deformation was homogeneous. Under these  condi t ions,  no time-dependent 

notch s e n s i t i v i t y  was observed. 

Coherent p r e c i p i t a t e s  smaller t h a t  a " c r i t i c a l  s i ze"  were sheared by 

This gave rise t o  local ized deformation and time-dependent 

Larger p a r t i c l e s  were by-passed by d is loca t ions  

Research i s  continuing t o  determine the  gene ra l i t y ,  or  scope, of the  

concepts t h a t  have been developed. 

a l l o y s  : 

Present ly  reported a r e  r e s u l t s  f o r  two 

(1) T D - N i , C r ,  which i s  strengthened by an incoherent d i spers ion  of Tho2 
p a r t i c l e s .  This mater ia l  was se lec ted  f o r  study, because, d i s loca-  
t i o n s  would have t o  by-pass the  oxide p a r t i c l e s  during creep. 
Therefore, the  a l l o y  was not expected t o  be suscept ib le  t o  time- 
dependent notch s e n s i t i v i t y .  

r e l a t i v e l y  low volume f r a c t i o n  ( 0.095) of coherent ly  p rec ip i t a t ed  
7 ' ,  N i 3 ( A l Y T i ) .  This mater ia l  was s tudied i n  order t o  permit exten- 
s ion  of the results f o r  Waspaloy (7' volume f r a c t i o n  0.23) t o  a l l o y s  
with l e s s  p rec ip i t a t e .  

( 2) An experimental nickel-base a l loy ,  "Modified Waspaloy" having a 

The TD-Ni ,Cr  was evaluated i n  the  s t r e s s - r e l i eved  condi t ion while the  

Modified Waspaloy was studied a f t e r  heat t reatments  t h a t  produced a range of 

y f  p a r t i c l e  sizes. 

1800 "F ( 538 "- 982 "C) 

Tensi le  and creep-rupture tes ts  were ca r r i ed  out a t  1000"- 

f o r  TD-Ni ,Cr  and a t  1000"-1400"F (538"-760"~)  f o r  Modified 

1 



Waspaloy. The micros t ruc tura l  f ea tu re s ,  p a r t i c u l a r l y  the  d i s l o c a t i o n  s t ruc-  

tures i n  the  t e s t ed  specimens, were evaluated. 

~~ ~ 
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EXPERIMENTAL DETAILS 

The commercially produced TD-Ni,Cr used i n  t h e  inves t iga t ion  had the  

following reported composition (weight percent)  : 

N i  C r  " 0 2 -  C s i  
78.72 19.24 2.01 0.03 0,003 

The material was received a s  0.015 i n .  (0.38 mm) th ick ,  stress re l ieved ,  sheet .  

The "Modified Waspaloy" was prepared a s  a vacuum induct ion melted ingot  

with aim composition s imi l a r  t o  Waspaloy [l] except f o r  lower amounts of 

t i t an ium and aluminum ( t h e  T i / A l  r a t i o s  were e s s e n t i a l l y  the  same). The 

compositions were a s  follows (weight percent) :  

Modified 
Was pa l  oy 

N i  Bal 
C r  19.40 
c o  14.70 
Mo 4.10 
T i  1.78 
A 1  0.67 
C 0.053 

*NA = Not Analyzed 

Waspaloy 

Bal 
19.33 
13 52 
4.16 
2-  95 
1.35 
0.06 

Modified 
Was p a l  oy 

Z r  0.031 
B NA* 
Fe NA 
S NA 
Mn NA 
S i  NA 
cu NA 

Was pa l  oy 

0.03 
0.005 

0.007 

0.05 
0.03 

0.55 

<o. 01 

The ingot  was radiographed t o  assure soundness, preheated a t  2000°F (1093°C) 
and hot  r o l l e d  i n  small reductions t o  a thickness  of about 0.032 in .  (0.81 mm) 

using rehea ts  between passes. 

(20-25 percent)  i n  severa l  passes t o  a f i n a l  thickness  of approximately 

0.025 in .  (0.64 mm). Specimen blanks were ind iv idua l ly  so lu t ion  t r e a t e d  1 /2  

hr  a t  1975°F ( 1 0 8 0 " ~ )  i n  an argon atmosphere and a i r  cooled. 

warping, t he  blanks were aged i n  batches of 10 or  12  while clamped i n  a 

f i x t u r e .  The aging treatments were: 

a t  1400°F (76ooc), and ( c )  16 h r  a t  1400°F ( 7 6 0 " ~ ) .  

These shee ts  were pickled and cold reduced 

To prevent 

( a )  3 h r  a t  1325°F (718"c), ( b )  1 hr 

3 



For both a l lqys ,  smooth and edge-notched ( K  >20) specimens were machined t 
i n  the longi tudina l  ( r o l l i n g )  d i r ec t ion .  The specimen dimensions and t e s t  

J 

procedures were t h e  same as previously reported [l]. 

samples of Modified Waspaloy and T D - N i , C r  were etched e l e c t r o l y t i c a l l y  i n  "G" 

e tch  [4] and a so lu t ion  of 10 percent oxalic acid i n  water, respec t ive ly .  

volume f r a c t i o n  of y'  i n  Modified Waspaloy was determined by e l e c t r o l l y t i c  

ex t r ac t ion  [ 5 ]  using dupl ica te  samples so lu t ion  t r e a t e d  1 /2  h r  a t  1975°F 

( 1 0 8 0 " ~ )  and exposed 1000 h r  a t  1400'F (760°C). 

of t h i n  f o i l s  f o r  study by transmission e l ec t ron  microscopy were reported 

previously 131. 

For op t i ca l  metallography, 

The 

Techniques f o r  the  preparat ion 

__ 
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MECHANICAL CHARACTERISTICS 

The results of t e n s i l e  and creep-rupture tests are included as Table 1 

f o r  TD-Ni ,Cr  and Table 2 f o r  Modified Waspaloy. 

p a r t i c u l a r l y  those r e l a t e d  t o n o t c h s e n s i t i v e  behavior, are presented i n  the  

following sect ions.  

The p r i n c i p a l  f ea tu re s ,  

Rupture Strengths  

For TD-Ni ,Cr ,  t h e  notched specimen rupture  curve a t  1000°F ( 5 3 8 " ~ )  was 

somewhat below t h a t  f o r  smooth specimens (Figure 2) .  

t he  rupture  s t rengths  f o r  notched specimens were similar or higher than f o r  

smooth specimens. 

s t r eng th  r a t i o s  (N/S) were g rea t e r  than determined by t e n s i l e  tests (Table 1) , 
i . e . ,  t h e  a l l o y  d id  not exh ib i t  time-dependent notch s e n s i t i v i t y .  

A t  higher temperatures, 

A t  a l l  test  temperatures, t he  notched t o  smooth rupture  

The hea t  treatment va r i a t ions  of Modified Waspaloy r e su l t ed  i n  a range 

of smooth specimen s t rengths  a t  t h e  lower test  temperatures. 

increased as the aging treatment was changed from 3 h r  a t  1325°F (718"~) 
t o  1 h r  a t  1400°F (760°C) t o  16 h r  a t  1400'F (760°C). 

ture and longer tes t  times, t h e  s t rengths  were similar. 

l e a s t  i n  p a r t ,  from 7 '  gruwth during the  t es t  exposures.) 

t r e a t e d  materials the  N/S rupture  s t rength  r a t i o s  decreased with increas ing  

t i m e  and/or temperature (Figure 3), i .e. ,  time-dependent notch s e n s i t i v i t y  

was not observed. 

The s t rength  

A t  the  higher tempera- 

(This  r e su l t ed ,  a t  

For a11 hea t  

Creep Resistance 

The minimum creep r a t e s  determined from the  smooth specimen t e s t s  a r e  

included i n  Tables 1 and 2. The most s t r i k i n g  f ea tu re  was t h a t  t he  

5 
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stress-minimum creep  r a t e  curve (Figure 4) for TD-Ni,Cr a t  1000°F ( 5 3 6 " ~ )  was 

considerably s teeper  than  the  curves a t  temperatures from 1200" t o  1800"~ 

(649"-982"C). 

these  two ranges Of t e s t  conditions.  

This i nd ica t e s  t h a t  d i f f e r e n t  mechanisms con t ro l  c reep  i n  

For Modified Waspaloy, t he  c reep  r a t e s  and, hence, the  c reep  r e s i s t ance  

var ied wi th  heat treatment and t e s t  condi t ions i n  similar manner t o  the  

rupture  s t rengths  . 

Frac ture  Charac t e r i s t i c s  

The f r a c t u r e  c h a r a c t e r i s t i c s  of Modified Waspaloy were similar t o  those 

previously reported f o r  Waspaloy [ 11. 

f a i l e d  by i n i t i a t i o n  and r e l a t i v e l y  slow growth of i n t e rg ranu la r  cracks f o l -  

lowed by t ransgranular  f r a c t u r e .  The l a t t e r  f r a c t u r e  occurred when the  increase  

i n  s t r e s s  on t h e  load bearing a rea ,  due t o  growth of the  in t e rg ranu la r  crack, 

exceeded t h a t  necessary t o  cause rap id  shear.  The in t e rg ranu la r  and t r ans -  

granular  p a r t s  of the  f r a c t u r e  were r e a d i l y  d is t inguishable  by v i s u a l  exami- 

nation. (The lengths  of the  in t e rg ranu la r  cracks,  expressed as a percentage 

of the  specimen width, a r e  included i n  Table 2.)  

Both smooth and notched specimens 

Opt ica l  metallography showed t h a t  t h e  f r a c t u r e s  of  t e n s i l e  and creep- 

rupture  t e s t e d  specimens of T D - N i , C r  were a l s o  both t ransgranular  and i n t e r -  

granular. Intergranular  cracks were d i s t r i b u t e d  across  t h e  f r ac tu res .  I n  

notched specimens, t h e  f r a c t u r e  adjacent  t o  one, or  both notches, was i n t e r -  

granular. "he t o t a l  i n t e rg ranu la r  crack length  increased wi th  decreasing 

, s t r e s s  and increasing temperature. 

d i cu la r  t o  t h e  loading d i r ec t ion ,  occurred ad jacent  t o  t h e  f r a c t u r e s  and 

throughout t h e  gauge sec t ions  of t h e  smooth specimens (F igure  5 ) .  

u l a r  cracks were a l s o  found i n  seve ra l  t e s t  specimens discontinued before 

rupture.  

i n i t i a t i o n  and growth, t h e  l i nk ing  of microcracks, and f i n a l l y  t ransgranular  

f rac ture .  

Extensive in t e rg ranu la r  cracking, perpen- 

Intergran-  

These r e s u l t s  i n d i c a t e  t h a t  f a i l u r e  occurred by in t e rg ranu la r  crack 
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S t r e s s  Relaxation and Creep C h a r a c t e r i s t i c s  

Previous s tud ie s  have shown t h a t  notch s e n s i t i v e  behavior i s  dependent 

on the  manner which s t r e s s  concentrations, introduced by the  edge-notches, 

are relaxed [l,3]. 

approximate 0.2 percent o f f s e t  Y i d - 3  s trength,  y i e l d i n g  on loading reduces 

the stresses across  the specimen a t  the base of the notch t o  the  approximate 

nominal s t r e s s .  Under these conditions, time-dependent notch s e n s i t i v i t y  

has not been observed. When notched specimens a r e  loaded beluw the  y i e l d  

stress, the stress concentrations can only be f u l l y  relaxed by creep (from 

the  approximate y i e l d  s t rength  t o  the  nominal stress). 

time-dependent notch s e n s i t i v i t y  when the creep deformation necessary t o  r e l a x  

s t r e s s  concentrations causes excessive damage r e s u l t i n g  i n  premature crack 

i n i t i a t i o n .  Experimentally, timedependent notch s e n s i t i v i t y  has been shawr, 

t o  occur when sharp edged-notched sheet specimens were loaded below the approxi- 

mate 0.2 percent o f f s e t  y i e l d  s t rength and when t e s t s  on smooth specimens 

showed t h a t  0.1 and 0.2 percent creep consumed la rge  f r a c t i o n s  of rupture  

l i f e  [1,3]. 
determine whether t h i s  same cor re la t ion  applied: 

When notched specimens a r e  tested a t  s t r e s s e s  above the  

A mater ia l  e x h i b i t s  

Creep da ta  f o r  TD-Ni ,Cr  and Modified Waspaloy were evaluated t o  

Analysis of the data f o r  T D - N i , C r  showed t h a t  within the  range of 
t e s t  data a t  1000" and 1200°F (538",649"C) the l i f e  f r a c t i o n s  f o r  
0.1 and 0.2 percent creep were a t  low l e v e l s  (Figure 6). 
the iso-creep s t r a i n  cha rac t e r i s t i c s  were consis tent  w i t h  t he  f a c t  
t h a t  no time-dependent notch s e n s i t i v i t y  occurred. 
temperatures and l m e r  s t resses ,  l a rge  l i f e  f r ac t ions  were u t i l i z e d  
f o r  small creep s t r a i n s .  Despite t h i s ,  no time-dependent notch 
s e n s i t i v i t y  was observed. 
c o r r e l a t i o n  was due t o  "negative creep" which i s  considered i n  the 
following sect ion.  

Thus, 

A t  the higher 

This apparent cont rad ic t ion  of the 

(2) For Modified Waspaloy, the l i f e  f r a c t i o n s  f o r  small amounts of 
creep were generally a t  very l a w  l e v e l s  (Figure 7) .  
no time-dependent notch s e n s i t i v i t y  wa8 observed (Figure 3).  
1300°F, somewhat l a rge r  l i f e  f r a c t i o n s  were consumed f o r  0.1 and 
0.2 percent creep due t o  "negative creep. It)  

Correspondingly, 
( A t  
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Negative Creep 

When exposed under s t r e s s  a t  e leva ted  temperatures, many nickel-base 

supera l loys  shrink, i .e , e x h i b i t  "negative creep. I' 

usual ly  conducted a t  t e s t  condi t ions  f o r  which the  amount of pos i t i ve  creep 

deformation is larger than the  negat ive creep. A s  a consequence, t he  measured 

deformation-time c h a r a c t e r i s t i c s  appear normal. I n  the  present  inves t iga t ion ,  

for both mater ia ls  t e s t e d  a t  the  higher  temperatures and lower s t r e s s e s ,  the 

amount of pos i t ive  deformation was r e l a t i v e l y  small compared with the  negative 

creep. A s  a result, negative minimum creep  r a t e s  were observed (Tables  1, 2 ,  

and Figure 8) and, l a rge  l i f e  f r a c t i o n s  were u t i l i z e d  f o r  small c reep  s t r a i n s  

(Figure 6).  

C r e e p r u p t u r e  t e s t s  are 

There i s  evidence t h a t  i nd ica t e s  t h a t  negative creep i s  probably due t o  

an order ing of t he  N i - C r  l a t t i c e  [ 6 ] .  Being a volumetric charge, it should 

not a c t  t o  re lax  s t r e s s  concentrat ions or  inf luence the  notch s e n s i t i v e  

behavior. 

t o  be low, shared t h a t  shrinkages of a t  least  0.2 percent can occur. I t  is  

therefore  probable t h a t  the  apparent cont rad ic t ion  between creep  c h a r a c t e r i s t i c s  

and notch sens i t i ve  behavior was due t o  t h e  inf luence of negative creep on the  

observed deformation- time curves. 

Results f o r  T D - N i , C r  t e s t s ,  f o r  which the  creep r a t e  was expected 

a 



MICROSTRUCTURAL FEATURES 

T D - N i , C r  and Modified Waspaloy were s tudied  i n  t he  as-heat, t r e a t e d  con- 

Sub- d i t i o n s  i n  order  t o  cha rac t e r i ze  t h e  micros t ruc tura l  f ea tu re s  present .  

seqnently, t e n s i l e  and creep-rupture t e s t e d  specimens were examined pr imar i ly  

t o  e s t a b l i s h  t h e  d i s l o c a t i o n  motion mechanisms. 

removed from t h e  f r a c t u r e s  of smooth specimens and from the  shoulders of 

notched specimens. The l a t t e r  specimens provided samples exposed a t  r e l a -  

t i v e l y  low s t r e s s e s  (0.7 t imes t h e  applied s t r e s s ) .  

Samples were taken somewhat 

TD-Ni ,  C r  

A s  -Received Mater ia l  ( "Original  C ondi t i on") 

The average g r a i n  diameters were 0.16 mm and 0.08 mm i n  t h e  long i tud ina l  

and t r ansve r se  d i r ec t ions ,  respec t ive ly  (Figure 9a). 

ranged i n  s i z e  from about 100 t o  1000 a with a mean o f  approximately 285 8, 

(Figure gb). 

present .  

The ThC,_, p a r t i c l e s  
,- 

A neg l ig ib l e  number of randomly d i s t r i b u t e d  d i s loca t ions  were 

Many annealing twins (about 0 . 2 ~  wide) were observed (F igure  9b) .  

Tested Specimens 

I n  specimens t e n s i l e  t e s t e d  a t  lOOO", 1400", and 1 8 0 0 " ~ ,  (538", 760°, 

2 and 982°C) many elongated d is loca t ion  loops were observed pinned t o  Tho 

p a r t i c l e s  (Figure loa). 

o r i g i n a l  s l i p  lane  and ind ica t e  t h a t  t h e  d i s loca t ions  by-passed t h e  oxide 

p a r t i c l e s  by c ross  s l i p  [7]. 

i ng  t e s t  temperature (decreasing elongation a t  f r ac tu re ) .  

These a r e  pr i smat ic  loops which do not l i e  i n  t h e  

The d i s loca t ion  dens i ty  decreased w i t h  increas-  

The micros t ruc tures  (Figure lob) of specimens creep-rupture t e s t e d  a t  
2 lOOOOF (338°C) and a t  1400°F ( 7 6 0 " ~ )  a t  28.6 k s i  (197 MN/m ) a l s o  ind ica t ed  

t h a t  c ros s  - s l i p  had occurred. 
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As-Heat Treated 

Limited examination of t h e  as-heat t r e a t e d  ma te r i a l s  ind ica ted  t h a t  t h e  

micros t ruc tura l  fea tures ,  o ther  than  t h e  y' morphology, were similar t o  those 

prev ious ly  reported from s i m i l a r l y  heat t r ea t ed  Waspaloy [3]. 

g ra in  s i z e  was 0.036 mm (Figure  12). 

by se l ec t ed  area e l ec t ron  d i f f r a c t i o n ,  t o  be T i ( C , N ) ,  and M C The former 

carbide was a randomly d i s t r i b u t e d  globular  p r e c i p i t a t e .  

were p a r t i a l l y  f i l l e d  with M C carbide,  A number of t w i n  boundaries, par-  

t i c u l a r l y  t w i n  ends, a l s o  contained M C A s  was t h e  case  f o r  Waspaloy, 7' 

was present  as coherent ly  p r e c i p i t a t e d  sphe r i ca l  p a r t i c l e s .  Due t o  lower 

aluminum and t i tanium addi t ions ,  t h e  y' volume f r a c t i o n  was l e s s  than  f o r  

Waspaloy (0.095 compared t o  0.233). 

The average 

The carbides  present  were i d e n t i f i e d ,  

23 6' 
The g ra in  boundaries 

23 6 

23 6' 

The aging treatments,  3 hr  a t  1325°F (718Oc), 1 hr  a t  1400°F (760°c) ,  

and 16 hr a t  140O0F ( 7 6 0 " ~ )  r e su l t ed  i n  y' p a r t i c l e s  approximately 40, 75, 

and 140 A i n  diameter, respect ively.  No zones depleted of y '  occurred 

I n  specimens creep-rupture  t e s t e d  a t  t h e  higher temperatures and lower 

s t r e s s e s ,  prismatic d i s l o c a t i o n  loops were not observed (F igure  1Oc). 

t hese  cases  t h e  d i s loca t ions  by-passed t h e  Tho p a r t i c l e s  by climb. 

In  

2 
For a number of tes ts  a t  high s t r e s s e s  a t  1200°, 1400°, and 1600~~ 

(649", 760" and 871"c) only a l imi ted  number of pr i smat ic  d i s l o c a t i o n  loops 

were observed, It was concluded t h a t  d i s loca t ions  by-passed t h e  oxide par- 

t i c l e s  by both climb and c ross  slip. 

previously reported (Figure 4 ) ,  ind ica ted  t h a t  climb was t h e  predominant mech- 

a n i  sm. 

The minimum creep r a t e  c h a r a c t e r i s t i c s  

In a l l  t e n s i l e  and creep-rupture tests, '  t h e  deformation was homogeneous. 

The d i s loca t ion  mechanisms observed, a s  a func t ion  of t e s t  s t r e s s  and temper- 

a ture ,  a r e  summarized i n  Figure 11. 

Mod i f  i ed  Waspaloy 
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adjacent  t o  g r a i n  boundaries. 

Tested Specimens 

I n  t e n s i l e  and creep-rupture tes ts  a t  1000" and 1100°F (5%"  and 5 9 3 " C ) ,  

l imi t ed  7' growth occurred during t h e  tes t  exposures. D i  l oca t ions  e i t h e r  

sheared or  c ros s  s l ipped arnlznd t h e  r e l a t i v e l y  small p a r t i c l e s .  I n  smooth 

specimens t e s t e d  a t  t h e  higher s t r e s ses ,  pr ismatic  d i s l o c a t i o n  loops were ob- 

served ind ica t ing  t h a t  d i s loca t ions  by-passed t h e  y '  by c r o s s - s l i p  (Figure 1 3 a ) .  

Under t h e s e  conditions,  t h e  deformation w a s  homogeneous. I n  samples ( includ-  

i n g  t h e s e  from t h e  shoulders of notched specimens) exposed a t  lower s t r e s s e s ,  

superdis locat ions were observed (Figure l3b) .  A f e w  d i s loca t ions  were a l s o  

present  as extended s tacking f a u l t  ribbons. These observations demonstrate 

t h a t  d i s loca t ions  sheared t h e  y' p a r t i c l e s .  

t h e  deformation was loca l i zed  i n  s l i p  bands. 

d i s l o c a t i o n  mechanisms contr ibuted t o  t h e  deformation. 

When t h i s  mechanism occurred, 

A t  intermediate stresses, both 

During t h e  higher temperature creep-rupture exposures, considerable y' 

growth occurred. 

la rge ,  d i s l o c a t i o n s  were observed bowing between p a r t i c l e s  leaving pinched 

o f f  concentr ic  d i s l o c a t i o n  loops (Figure l3c) .  I n  other  specimens, it was 

evident t h a t  t h e  d i s loca t ions  by-passed t h e  y' by both c ross  s l i p  and by 

looping. I n  a l l  ca ses  t h e  deformation was homogeneous. 

I n  a number of t es t  specimens f o r  which t h e  p a r t i c l e s  were 

The va r i a t ions  i n  d i s loca t ion  mechanism observed with changes i n  tes t  

stress arid y' p a r t i c l e  s i z e  a r e  presented i n  Figures 14 and 15. 
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DISCUSSION 

T D - N i ,  C r  

Theories have been proposed t o  explain the  manner i n  which edge and screw 

d i s loca t ions  can by-pass p a r t i c l e s  by c r o s s - s l i p  181. Experimentally, cross-  

s l i p  has been shown t o  occur f o r  a number of d i spers ion  hardened systems r9], 

the  majori ty  of which have high s tacking f a u l t  energies .  Cross-s l ip  has been 

shown t o  occur f o r  TD-Ni [lo]. 

by the  addi t ion of chromium. 

The s tacking f a u l t  energy of n icke l  i s  lowered 

(30 weight percent  chromium decreases the s tacking 
h 

ii f a u l t  energy from about 225 t o  70 erg/cm - re f .  11.) 

could be expected t o  be r e l a t i v e l y  d i f f i c u l t  i n  T D - N i , C r .  

does occur i n  low temperature, high s t r e s s ,  t e n s i l e  and creep-rupture t e s t s .  

Consequently, c ross  s l i p  

Nevertheless,  it 

A t  high temperatures and low s t r e s s e s ,  d i s loca t ions  by-pass Tho p a r t i c l e s  

by climb. A t  each temperature the re  i s  a c r i t i c a l  resolved shear  s t r e s s ,  CRSS, 

above which the d i s loca t ions  do not climb over t h e  dispersed p a r t i c l e s ,  bu t  

by-pass them by c ross - s l ip  (or looping) .  This concept was f i r s t  considered 

t h e o r e t i c a l l y  by Orowan [ 121. 

S t r e s s "  ( t h e  increase i n  CRSS due t o  the  presence of 'non-deforming p a r t i c l e s )  

was subsequently reported by Ashby [l3]: 

2 

The following formulat ion f o r  the  "Orowan 

d 9 A b  I n -  
AT 0 = 2n:h-d) 4b 

.where p i s  the  matrix shear modulus, b the  Burger vector ,  y the  mean p lanar  

'center-to-center p a r t i c l e  separat ion,  d t he  mean planar  p a r t i c l e  s i z e  (0.82 x 

mean p a r t i c l e  s ize ,  D )  and B a s t a t i s t i c a l  f a c t o r  (about  0.85) r e l a t e d  t o  the  

occurrence of a d i s t r i b u t i o n  of i n t e r p a r t i c l e  spacings.  

t o  1 fo r  an edge d i s loca t ion  and (1-v) 

poi s s on ' s r a t  io.  

A i s  a constant  equal  
-1 

for a screw d i s loca t ion ,  where v i s  
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Severa l  r e l a t i o n s h i p s  have been proposed t o  permit  c a l c u l a t i o n  of  & 

values  from t h e  p r e c i p i t a t e  volume f r a c t i o n  V 

[14]. 
and t h e  mean p a r t i c l e  s i z e  

These are based on assumed arrangements of t h e  p a r t i c l e s  i n  space. 
f 

Siimple; cubic:  

Face centered cubic:  h = d ( l / V f )  112 

Random: 

(3) 

The resu l t s  of t h e  micros t ruc tura l  s tudy of T D - N i , C r  e s t ab l i shed  t h e  

"Orowan S t r e s s "  a s  a band of values (F igure  11). 

c h a r a c t e r i s t i c s  (Figure 4) ind ica ted  t h a t  t h e  upper curve probably b e s t  repre-  

s e n t s  t h e  s t r e s s e s  where t h e  c reep  con t ro l l i ng  mechanism changes from climb 

t o  c ross -s l ip .  

those  ca l cu la t ed  using equation (1). 

( t h e  mean value f o r  edge and screw d i s loca t ions ) .  

lus, der ived  from t e n s i l e  da t a  were: 0.8, 0.7, and 0.5 - 10 p s i  (5 .5 ,  4.8, 
and 3.4 10 

spect ively.  The Burger vector  was 2.5 a and t h e  Tho volume f r a c t i o n  

0.0174. Poisson 's  r a t i o  was assumed t o  be 0.30. The CRSS values  ca l cu la t ed  

were n u l t i p l i e d  by the  Taylor f a c t o r  [l5] s o  t h a t  they  could be compared d i -  

r e c t l y  wi th  t h e  "applied stress" values determined experimentally. The fac-  

t o r  of 3.06 which was used can be considered t o  be an upper bound f o r  t h i s  

r'stress conversion. 

vary by a f a c t o r  o f  about 2, depending on t h e  equation, (2 ) - (4 ) ,  used t o  

c a l c u l a t e  t h e  center- to-center  p a r t i c l e  separation. The experimentally de- 

termined s t r e s s  values a r e  w i t h i n  the range of those  determined t h e o r e t i c a l l y .  

The Tho 

The minimum creep r a t e  

These experimentally determined values  were compared wi th  

The constant  A was assumed t o  be 1.2 

Values f o r  t h e  shear modu- 
7 

4 2 
MN/m ) a t  1000°, 1400' and 1 8 0 0 ' ~  (338O, 760°, and 982"c) ,  r e -  

2 

The r e s u l t s  (Table 3) show t h a t  t h e  t h e o r e t i c a l  values 

d i spe r s ion  should almost c e r t a i n l y  be descr ibed a s  random. 
2 



Theore t ica l  s t r e s s e s  based on t h i s  assumptionwerein e r r o r  by a f a c t o r  of 

about 2. Considering t h e  approximations involved, t h i s  agreement i s  su rp r i s -  

ingly  good. 

The Tho p a r t i c l e s  con t r ibu te  t o  t h e  c reep  r e s i s t a n c e  of TD-Ni by imped- 
2 

ing d i s loca t ion  motion. It has been Proposed, however, t h a t  t h e  good creep 

c h a r a c t e r i s t i c s  o f  t h i s  alloy a r e p r i m a r i l y  a t t r i b u t a b l e  t o  t h e  f i n e  g ra in  

s i z e  and c e l l u l a r  subs t ruc ture  formed during f a b r i c a t i o n  and s t a b i l i z e d  by 

t h e  oxide p a r t i c l e s  [lo]. The creep r e s i s t a n c e  a t  1000°F f o r  t h e  T D - N i , C r  

s tud ied  was similar t o  t h a t  reported f o r  TD-Ni [lo]. However, t h e  c reep  re- 

s i s t a n c e  of  TD-Ni ,Cr  decreased much more r ap id ly  wi th  increas ing  temperature 

than  was t h e  case fo r  TD-Ni. Correspondingly, t h e  microstructures  o f  t h e  

as-received TD-Ni ,Cr  d id  not r evea l  any subs t ruc ture  ( cons i s t en t  with the  

r e l a t i v e l y  l o w  s tacking f a u l t  energy of t h i s  ma te r i a l ) .  In  addi t ion ,  t h e  

g r a i n s i z e o f  T I ) - N i , C r  was about 10 times t h a t  of TD-Ni (80-1601~. compared t o  

1-2p). p a r t i c l e s  i n  T D - N i , C r  increased 

t h e  creep s t rength  only by providing r e s i s t a n c e  t o  d i s l o c a t i o n  motion. 

Thus i n  con t r a s t  t o  TD-Ni,  t he  Tho 
2 

Minimum creep rate c h a r a c t e r i s t i c s  a r e  o f t en  represented by t h e  f ami l i a r  

expression: 

k m = A(t)an  9 ( 5 )  

where n determines t h e  o v e r a l l  s t r e s s  dependence of t h e  creep process. For 

TD-Ni ,Cr ,  n was 10 a t  1000°F (538°C) and about 30 a t  higher t e s t  temperatures. 

These values a re  s i g n i f i c a n t l y  g rea t e r  than  predic ted  by theo r i e s  f o r  c ros s  

s l i p  and climb (about 5 ) .  Anomalously high values f o r  n, reported by o ther  

authors  fo r  d i spers ion  hardened mater ia ls ,  have been explained i n  terms of 

" in t e rna l  s t r e s s "  and/or g ra in  o r i e n t a t i o n  e f f e c t s  [10,11,16,17]. "Negative 

creep" t h a t  occurs f o r  ! I 'D-Ni ,Cr  reduced the minimum creep r a t e s ,  p a r t i c u l a r l y  

a t  the  lower t e s t  s t r e s s e s ,  and thereby must have ac ted  t o  increase  the  measured 

n values.  

14 



Modified Waspaloy 

For Modified Waspaloy (Vf = O.O95),  y '  p a r t i c l e s  were by-passed by cross -  

s l i p  and by looping. For T D - N i , C r  ( V  = 0.017) only c ros s - s l ip  occurred, 
f 

whereas, fo r  Waspaloy ( V  = 0.23) only t h e  looping mechanism was observed [3]. 

These r e s u l t s  suggest t h a t  increas ing  t h e  volume f r a c t i o  o f  p r e c i p i t a t e  tends 

t o  change t h e  by-pass mechanism from c ross - s l ip  t o  looping. Other va r i ab le s  

such a s  t h e  s tacking  f a u l t  energy and t e s t  temperature,  can a l s c  be expected 

t o  inf luence t h i s  t r ans i t i on .  

f 

Both c ros s - s l ip  and looping a r e  dependent on t h e  a b i l i t y  of d i s loca t ions  

t o  bow between p r e c i p i t a t e  pa r t i c l e s .  Consequently, they occur a t  s t r e s s e s  

g rea t e r  than t h e  "Orowan s t r e s s . "  

7 '  s i z e  and the  t e s t  temperature varied. 

per imental  r e s u l t s ,  t h e  da t a  were compensated f o r  temperature v a r i a t i o n  using 

t h e  following r e l a t i o n s h i p  derived f rom equation (1) : 

For Modified Waspaloy, b o t h  t h e  sverage 

To s impl i fy  evaluat ion of t h e  ex- 

- 'lOOO0F 

cIT 
T - 0  1000°F 0 

The d i s l o c a t i o n  mechanisms observed are  presented i n  Figure 14 a s  a func t ion  

of stress compensated t o  1000°F (538°C) and t h e  mean y '  p a r t i c l e  s ize .  

Crowan s t r e s s e s  a t  1000°F were ca lcu la ted  using equation (1) i n  a similar 

manner descr ibed f o r  TD-Ni,Cr.  

p = I. 02 x 10 p s i  (7.03 x 10 

o r  "orderedt1 p r e c i p i t a t e  d i s t r i b u t i o n  a r e  observed i n  many superal loys.  

s t r u c t u r e s  occur when t h e  y '  p a r t i c l e s  a r e  l a r g e  and/or the  y ' / y  l a t t i c e  m i s -  

match i s  l a r g e  [18]. 

observed sphe r i ca l  y' morphology, it can be concluded t h a t  t h e  y ' / y  mismatch 

was r e 2 a t i v e l y  small  ( s i m i l a r  t o  Waspaloy which has a mismatch of about 0.3%). 

Also, t h e  p a r t i c l e s  i n  t h e  as-heat t r ea t ed  ma te r i a l s  were r e l a t i v e l y  small. 

Consequently, t h e  y' p r e c i p i t a t e  p a r t i c l e s  were probably "randomly" 

I n  t h i s  case,  t h e  following values were used: 

= 0.095. 
7 4 2 

r"nv/m ), b = 2.52 8, and, V Per iodic  f 
These 

Based on t h e  composition of Modified Waspaloy and t h e  



d i s t r ibu ted .  Theoret ical  values f o r  t h e  Orowan stress, using t h i s  assumption, 

d i f f e r  by a fac tor  of about 2 from t h e  experimental values (Figure 14).  

should be considered co inc iden ta l  t h a t  t h e  experimental values agree w e l l  wi th  

t h e  t h e o r e t i c a l  stresses based on face centered cubic and simple cubic clistri- 

b u t i  ons. 

It 

Because the  y '  i s  a coherent p r e c i p i t a t e ,  it can be sheared by dis loca-  

Gle i te r  and Hornbogen [I81 reported t h a t  t h e  inc rease  i n  CRSS due t o  t ions .  

ordered p r e c i p i t a t e  p a r t i c l e s  sheared by d i s loca t ions ,  AT i s  given by t h e  
sh' 

following equation: 

1/2 4 2  b-2 
AT sh = 0.28 yA 3/2 vf (D/2) 9 (7) 

where 7 

were calculated using a value of 260 erg/cm f o r  7 [19]. To permit compar- 

i son  wi th  t h e  microstructural  observations (Figure l5), t h e  t es t  s t r e s s e s  

were compensated t o  1000°F (538°C) using t h e  following r e l a t i o n s h i p  from 

equation ( 7 )  : 

i s  the antiphase boundary energy. values a t  1000°F (53qoC), 
2 

A 

A 

1000°F U 

A l l  of t h e  tes t s  stresses (Figure 15) were g r e a t e r  then t h e  ca l cu la t ed  values 

( ATsh 
g r e a t e r  t h a n  the ca l cu la t ed  values had very low d i s l o c a t i o n  dens i t i e s .  

AT 

low t e s t  temperatures, should con t r ibu te  very l i t t l e  t o  t h e  deformation.) 

Therefore, it can be concluded t h a t  t h e  t h e o r e t i c a l  values f o r  A T  

very good agreement wi th  t h e  experimental r e s u l t s .  

x Taylor fac tor ,  3.C6). The specimens tes ted a t  stresses s l i g h t l y  

(Below 

t h e  only mechanism t h a t  can occur i s  climb, which due t o  t h e  r e l a t i v e l y  
sh' 

a r e  i n  
sh  

The CRSS f o r  shearing increases  wi th  D1/2 (equat ion ( 7 ) )  while  f o r  c ros s  

s l i p  or  looping it decreases a s  D increases  (equat ion (1)). Therefore, f o r  

each y '  strengthened a l l o y  (constant  V f ) ,  t h e r e  i s  a c r i t i c a l  p a r t i c l e  s i z e  
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a t  which t h e  d i s l o c a t i o n  mechanism changes from shearing t o  by-passing t h e  

p r e c i p i t a t e  p a r t i c l e s .  This i s  shown f o r  Modified Waspaloy i n  Figure 16. 

Correlat ion of  t h e  Time-Dependent Edge-Notch S e n s i t i v i t y  
wi th  t h e  Dislocation Mechanism 

I n  previous s tud ie s ,  a co r re l a t ion  was e s t ab l i shed  between t h e  d i s loca -  

t i o n  motion mechanism and t h e  time-dependent notch s e n s i t i v e  behavior i2,3]. 

Prec ip i2a te  p a r t i c l e s ,  7' i n  Waspaloy and y '  and y"-Ni Cb ( b c t )  i n  Inconel 

718, smaller than t h e  c r i t i c a l  s ize  were sheared by d i s loca t ions .  Under t h e s e  

conditions,  t h e  deformation w a s  localized and time-dependent notrh s e n s i t i v i t y  

occurred. 

t i o n s ,  t h e  deformation was homogeneous and no time-dependent notch s e n s i t i v i t y  

w a s  observed. 

3 

P a r t i c l e s  l a r g e r  t han  t h e  c r i t i c a l  s i z e  were by-passed by dis loca-  

The r e s u l t s  of t h e  present ly  reported i n v e s t i g a t i o n  are  cons i s t en t  wi th  

t h e  above correlat ion.  For T D - N i , C r ,  t h e  d i s l o c a t i o n s  by-passed t h e  Tho par-  

t i c l e s  f o r  a l l  t e s t  conditions. Correspondingly, time-dependent notch sens i -  

t i v i t y  did not occur. I n  a number o f  notched specimen t e s t s  f o r  Modified 

Waspaloy a t  t h e  lower t e s t  temperatures, d i s l o c a t i o n s  sheared t h e  7' p a r t i c l e s  

(F igu re  l3b). 

This occurred because t h e  t e s t  s t r e s s e s  were above t h e  y i e l d  s t r e s ses .  For 

notched specimens t e s t e d  below t h e  yield s t rength,  e i t h e r  t h e  + e s t  times were 

extremely long o r  t h e  t e s t  temperatures were r e l a t i v e l y  high. A s  a r e s u l t ,  

considerable y '  growth occurred during t h e  t e s t  exposures. This calsed t h e  

d i s l o c a t i o n  mechanism t o  change from shearing t o  by-passing which redJced t h e  

s u s c e p t i b i l i t y  t o  time-dependent notch s e n s i t i v i t y  so  t h a t  none was 2bserved. 

Thus time-dependent notch s e n s i t i v i t y  d i d  not OCCUT f o r  Modified Xaspaloy due 

t o  t h e  y i e l d  s t r eng th  and y '  growth r a t e  c h a r a c t e r i s t i c s .  

2 

However, no time-dependent notch s e n s i t i v i t y  was observed. 

The y i e l d  s t rength,  5 of a d i s p e r s i m  hardened a l l s y  can be expressed 
Y' 

by t h e  following r e l a t i o n s h i p  : 



u = u + 3 . 0 6 A ~  9 Y m P (9) 

where u = yie ld  s t r e s s  of t h e  matrix,  AT i s  t h e  increase  i n  CRSS due t o  t h e  

presence of the p a r t i c l e s  (AT o r  AT ). Consideration of t h e  y ie ld  s t r eng th  

i n  t h i s  manner (Figure 16) permits  a regime of t e s t  s t r e s s  and p a r t i c l e  s i z e  

t o  be defined f o r  which time-dependent notch s e n s i t i v i t y  can be expected. 

m P 

0 sh 

Rapid growth of 7' i n  Modified Waspaloy prevented time-dependent notch 

s e n s i t i v i t y  from occurring a t  t h e  low test  stresses. The y' r ipening  r a t e  

decreases  considerably wi th  increasing volume f r a c t i o n  [ 201. 

higher 7' volume f r a c t i o n  than  Modified Waspaloy, p a r t i c l e  growth cannot be 

r e l i e d  upon t o  prevent notch s e n s i t i v e  behavior from occurring. 

ments should be se lec ted  t o  produce y' p a r t i c l e s  l a r g e r  than the  c r i t i c a l  

s ize .  

r a t e  (by compositional con t ro l )  so a s  t o  reduce s t r eng th  degeneration t h a t  

w i l l  accompany y' growth. 

Hardness t e s t s  or y i e l d  s t rengths  r e f l e c t  t h e  va r i a t ions  i n  CRSS w i t h  y' 

For a l l o y s  with 

Heat t r e a t -  

Under these circumstances, it i s  a c t u a l l y  d e s i r a b l e  t o  l i m i t  t h e  growth 

s i z e  and can, therefore ,  be used i n  t h e  s e l e c t i o n  of heat treatments.  

Waspaloy [3]  and Inconel 718 [2] room temperature hardnesses were co r re l a t ed  

wi th  t h e  notch s e n s i t i v e  behavior. For Modified Waspaloy (Figure 17), hard- 

ness t e s t s  co r rec t ly  indicated t h a t  y' p a r t i c l e s  i n  t h e  as-heat t r e a t e d  ma- 

t e r i a l s  t o  be smaller than t h e  c r i t i c a l  s i z e  (maximum hardness). 

recognized tha t  t h e  c r i t i c a l  s i z e  va r i e s  somewhat wi th  temperature. This 

a r i s e s  because of changes i n  t h e  shear modulus, p, with  temperature. 

t h e  equations presented ((l), ( b ) ,  and ( 7 ) )  it i s  evident t h a t  a s  p decreases 

wi th  temperature the  c r i t i c a l  s i z e  decreases wi th  increas ing  temperature. 

Thus i f  a heat treatment i s  se lec ted ,  by room temperature hardness t e s t s ,  so  

t h a t  t h e  7' p a r t i c l e s  a r e  l a r g e r  than  t h e  c r i t i c a l  s i z e  they  w i l l  a l s o  be 

l a r g e r  than  the c r i t i c a l  s i z e  a t  e levated temperatures. 

For 

It should be 

From 
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SUMMARY OF RESULTS 

A r e sea rch  program was c a r r i e d  out t o  determine whether an oxide disper-  

s ion  hardened a l loy ,  TD-Ni ,Cr ,  and a l o w  volume f r a c t i o n  y '  strengthened 

nickel-base a l loy ,  Modified Waspaloy, were suscep t ib l e  t o  time-dependent edge- 

notch s e n s i t i v i t y .  

c h a r a c t e r i s t i c s  of t h e  a l l o y s  and t h e  d i s loca t ion  motion mechanisms operative. 

Time-dependent notch s e n s i t i v i t y  was not  observed f o r  O.Ol5-in. ( J. 38 mm) 

The resu l t s  were evaluated i n  tem,s d' t h e  !X?cl-?anical 

t h i ck ,  stress 

( 538"-982°C) 

t e s t  stresses 

temperatures. 

re l ieved,  TD-Ni ,Cr  sheet  a t  temperatures from 1000" t o  l?OO°F 

Dislocations by-passed Tho p a r t i c l e s  by c ros s - s l ip  a t  high 
2 

and low temperatures and by climb a t  low t e s t  s t r e s s e s  and high 

The stresses a t  which the  mechanism changed from climb t o  

c r o s s - s l i p  (Orowan stresses) were i n  reasonable agreement wi th  t h e o r e t i c a l  

predict ions.  

Time-dependent notch s e n s i t i v i t y  was not evident from tests of 0.025-in. 

(0.64 mm) t h i c k  Modified Waspaloy sheet a t  temperatures from 1000" t o  1400'F 

( 338e-7600c). 

particles smaller t han  a c r i t i c a l  s i z e  (about l 8 d )  ; larger p a r t i c l e s  were by- 

passed by c r o s s - s l i p  or  looping. 

small 7'  p a r t i c l e s  were by-passed by cross-slip.  

d i s l o c a t i o n  mechanisms observed can be use fu l ly  evaluated i n  terms of theo- 

r e t  i c  a 1  concepts. 

I n  t es t s  a t  r e l a t i v e l y  low stresses, d i s loca t ions  sheared y '  

A t  stresses higher than t h e  Orowan stress, 

Results indicated t h a t  t h e  

A s  f a r  as could be determined, the  resul ts  of t h e  inves t iga t ion  were con- 

s i s t e n t  wi th  t h e  following important concepts developed fo r  Waspaloy [1,3] 

and Inconel 718 [ 2 ] :  ( a )  Time-dependent edge-notch s e n s i t i v i t y  occurs when 

notched specimens are  loaded below t h e  approximate 0.2 percent  smooth speci-  

ment o f f se t  y i e l d  s t r eng th  and when data  from smooth specimens i n d i c a t e  t h a t  

small amounts of creep consume l a r g e  rup tu re  l i f e  f r ac t ions .  ( b )  When pre-  

c i p i t a t  e p a r t i c l e s  

and t i m e  - d ep end en t 

c i p i t a t e  p a r t i c l e s  

a r e  sheared by dis locat ions,  t h e  deformation i s  loca l i zed  

notch s e n s i t i v i t y  occurs. When d i s loca t ions  by-pas s pre- 

t h e  deformation i s  homogeneous. Under these  conditions,  



no time-dependent notch s e n s i t i v i t y  has been observed. 

To date,  a l l oys  have been s tudied which have coherent and noncoherent 

p r e c i p i t a t e  volume f rac t ions  ranging from 0.017 t o  0.23. 

of t h e  above co r re l a t ions  f o r  t hese  a l loys  suggests t h a t  they can be used t o  

charac te r ize  t h e  notch s e n s i t i v e  behavior of an even wider range of superalloy 

sheet materials.  

The a p p l i c a b i l i t y  

It is  apparent t h a t  hardness t e s t s  can be used t o  s e l e c t  heat  t reatments  

t h a t  produce 7' p a r t i c l e s  l a rge r  than t h e  c r i t i c a l  s i z e  and, therefore ,  avoid 

time-dependent notch sens i t i v i ty .  
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F i g u r e  5. Optical  Photomicrograph  showing subs id i a ry  i n t e r  - 
g r a n u l a r  c r a c k s  in  the gauge sec t ion  of a smooth  
spec imen  of 0.015-inch (0 .  3 8 m m )  th ick  TD-Ni,  C r  

2 shee t  c r e e p - r u p t u r e  tes ted  at 12ksi.  (82.  7MN/m ) 
a t  1800°F  (982°C) .  
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STRESS,  1,OOOpai. 
F i g u r e  6 ,  I s o - c r e e p  s t r a l n  c u r v e s  of l i f e  f r a c t i o n  v e r s u s  s t r e s s  a t  t e m p e r a t u r e s  f rom 1000" to  1 8 C n " F  (538-982°C) for 0 .  015-inch ( 0 .  3 8 m m )  

thick,  s t r e s s  relieved, TD-Ni ,  C r  shee t .  T h e  a p p a r a n t  l a r g e  a m o u n t s  of r u p t u r e  l i fe  consumed  for s m a l l  c r e e p  s t r a l n  a t  t he  h lghe r  
t e m p e r a t u r e s  and l o w e r  s t r e s s e s  w a s  d u e  t o  "Negat ive Creep" .  
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F i g u r e  7. I s o - c r e e p  s t r a i n  c u r v e s  of life f rac t ion  v e r s u s  s t r e s s  a t  t e m p e r a t u r e s  f r o m  1000'  to 1 4 0 0 ° F  (538-760°C)  f o r  
0. 025-inch ( 0 . 6 4 m m )  thick Modified Waspaloy shee t  heat  t rea ted  1 /2hour  a t  1975°F (1080°C)  plus 16 h o u r s  
a t  1400°F (760"C).Relat ively l i t t le  rupture  l i fe  was  consumed for  s m a l l  c r e e p  s t r a i n s  for  a l l  t es t  condi t ions.  
Correspondingly,  no t ime -dependent notch sensi t ivi ty  was  observed .  
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(b ) 50, O O O x  
F i g u r e  9 .  Optical  and t r ansmiss ion  photomicrographs  of as - rece ived  

0. 015-inch ( 0 .  38mm)  thick, s t r e s s  re l ieved ,  TD-Ni,  C r  shee t  
The g r a i n s ,  0. 080-  0. 16mm i n  d i a m e t e r ,  w e r e  somewhat  e lon-  
gated iii the roll ing direct ion.  Many t i a r r ~ w  iwiiis w e r e  p r e s e n t .  
Relat ively few, randomly d is t r ibu ted ,  d i s loca t ions  w e r e  obse rved  



80,  O O O x  
' a .  
( b )  100 ,000x ( c )  
F iZure  10. T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  of thin fo i l s  t aken  f r o m  

the gauge sec t ions  of t e s t ed  smoo th  s p e c i m e n s  of 0. 015-inch 
( 0 .  3 8 m m )  th ick  TD-Ni,  C r  shee t .  ( a )  t ens i l e  t e s t ed  at 1400°F  

1000°F (760°C) .  ( c )  c r e e p - r u p t u r e  t e s t e d  at 12ksi .  (82 .  7 M N / m  ) 
a t  1800°F  (982°C) .  In ( a )  and ( b )  p r i s m a t i c  d i s loca t ion  loops  c a n  
be obse rved  which indicate  tha t  d i s loca t ions  by-passed  the T h o 2  
pa r t i c l e s  by c r o s s - s l i p .  Oxide p a r t i c l e s  i n  ( c )  w e r e  by -passed  
by  climb. 

2 (760°C) .  ( b )  c r e e p - r u p t u r e  t e s t e d  a t  34ksi .  ( 2 3 4 . 4  M N / m  ) at 2 



S T R E S S ,  100 M N / ~ ~  

8 
U 
e 

8 
c 

U 
0 

- 8  
W O D  a 

YI c 

8 
9 

8 
v) 

t =  
0 0  0 0 
o m  9 * 
c 

0 
U 

0 
c 



250x 

F i g u r e  12. Opt ica l  photomicrograph  of 0. 025-inch ( 0 . 6 4 m m )  
th ick  Modified Waspaloy s h e e t  hea t  t r e a t e d  1 / 2  
hour  at 1975°F  (1080°C)  plus 16 h o u r s  at 1400°F  
(760°C) .  
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b) 5 5 , 0 0 0 ~  ( c )  110, ooox 
F i g u r e  13. T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  of thin fo i l s  f r o m  the gauge 

sec t ions  of smooth  spec imens  and  the shoulder  of a notched s p e -  
c i m e n  of Modified Waspaloy solut ion t r e a t e d  1 / 2  hour  a t  1 9 7 5 ° F  
( 1080"C), aged ,  and c reep - rup tu re  t e s t ed .  (a )  smoo th  s p e c i m e n  
aged  1 hour  at 1400°F  (76O"C), t e s t ed  a t  90ks i .  (620 MN/m2)  a t  
1100°F  ( 5 9 3 ° C ) .  (b)notched spec imen  aged 1 hour  a t  1400°F ( 7 6 0 ° C )  
t e s t ed  a t  60ksi.  (414  MN/m2) a t  1100°F  (593°C) - the  s t r e s s  in  the 

aged  16 hour s  a t  1400°F ( 76O0c) ,  t e s t ed  a t  50ksi .  (345  MN/m2)  
a t  1300" F (704°C) .  P r i s m a t i c  d i s loca t ion  loops in  ( a )  indicate  tha t  
the d is loca t ions  by-passed the y' by c r o s s - s l i p .  y' par t i c l e s  in  ( b )  
w e r e  s h e a r e d  by super  dis locat ions.  The  concen t r i c  d i s loca t ion  
loops in  ( c )  w e r e  formed by dis loca t ions  bowing between y' p a r t i c l e s  
pinching off the loops.  

shoulder  sec t ion  w a s  42ksi. (290  M N / m  2 ). ( c ) s m o o t h  spec imen  
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